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ABSTRACT
The decay of and the energy level scheme of Ce***° have been
investigated with a beta-ray s c in t i l la t io n  spectrometer, a gamma-ray 
coincidence spectrometer, and a gamma-ray coincidence sum spectrometer.
A time-to-amplitude converter was used to measure the mean l i f e  of
.„ .  _ 140two trans itions  in Ce
Analysis of the beta-ray spectra indicated the presence of eight
beta-ray groups of end point energies (in  keV) and re la t iv e  in ten s it ie s
as follows: 2220±50 (8° / 0 ) ,  1730*40 (1 3 ° /0 ) ,  1410±40 (26° / 0 ) ,  1270*20
( l 8° / 0 ) ,  1120*30 ( l l ° / 0 ) ,  930*30 (9 ° /0 ) , 670±20 ( l l ° / 0 ) ,  400*20 (4 ° /0 ).
I t  was also observed that the 1270 keV beta ray is in coincidence with
the 923 keV gamma ray.
An analysis of the gamma-ray coincidence data produced the following
results  and conclusions: (1) the energy (in  keV) and re la t iv e  in tens ity
(quanta per 100 d is in tegrations) of the gamma rays observed were found as
329 ( 18) ,  432 (3 ) ,  486 (39) ,  752 (3 ) ,  815 (26) ,  868 (4 ) ,  923 (13), 1597 (96 )
140(2) the 1597 keV gamma-ray tran s it io n  from the f i r s t  excited sta te  of Ce
is in coincidence with a l l  gamma rays observed with energies less than
1600 keVJ (3) the 752, 815 and 923 keV gamma rays were observed to be 
only in coincidence with the 1597 keV gamma ray; (4) the 329, the 432 and 
the 868 keV gamma rays are advanced with respect to the 2080 keV level and
the 486 and 1597 keV gamma rays are in cascade from the 2080 keV level to
ground s ta te ; {5 ) evidence of a 655 keV tran s it io n  was observed and con­
cluded to be advanced re la t iv e  to the 2080 keV level.
Analysis of the m ean-life measurements showed the m ean-life of the
2080 keV level and the 815 keV tra n s it io n  to be (*t<99±0.02) x 10 ^ sec 
and £5 x 10 ** sec respectively.
A decay scheme is proposed which is consistent with the beta-ray  
spectra and the observed coincidences and with the high energy gamma 
rays observed by other investigators.
•  •  ■
v  m  i
CHAPTER I
INTRODUCTION
Our knowledge of nuclear structure and nuclear forces orig inates from 
three main sources: ( 1) radioactive decay, (2 ) nuclear reactions, and
(3) the behavior of elementary p a rt ic le s  of high energy physics. Considerable 
overlap of in terest and method exists between the areas of radioactive  
decay and nuclear reactions and, to a lesser degree, between these two 
areas and the area of high energy physics. The p rin c ipa l region of concern 
of the experimental beta- and gamma-ray spectroscopist is that of radio­
active decay. I t  is his purpose to determine experimentally the energy 
of excited states of nucle i, the spins and p a r i t ie s  of those states, the 
h a l f - l i f e ,  branching ra tio s  and in terna l conversion c o e ff ic ie n ts  and c irc u la r  
p o la r iza t io n  of the electromagnetic trans itio ns  between levels; the end 
point energies, shapes, and ft -v a lu e s , and longitudinal po larizations of the 
beta p a rt ic le s  and neutrinos; a l l  with the aim of ( l )  constructing a 
detailed  and consistent decay scheme, (2) determining the character ( i . e .  
the matrix elements) of the interactions involved and (3) re la t in g  the 
experimental results with the theory of nuclear models.
The methods and techniques used to make such measurements vary greatly  
in th e ir  applications. However, because of the e f f ic ie n c y , precision, and 
breadth of energy range, no methods are more often used than the s c in t i l la t io n  
spectrometer and the magnetic spectrometer. Both of these devices find
1
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wide use in the determination of beta-ray end point energies as well as 
spectral shapes and ft -v a lu e s . The information so obtained is useful in 
the determination of excited levels in the daughter nucleus, the re la t iv e  
angular momentum between the parent and excited levels in the daughter, and 
the matrix elements involved in the in teraction . Such studies are often  
supplemented by p^y coincidence measurements which, by s e le c t iv e ly  sepa­
rating  beta- and gamma-ray cascades, can be very useful in unraveling the 
decay scheme as well as in producing information about the angular corre­
lations of the states and p a rt ic le s  involved.
Measurements of the electromagnetic radiations o r ig ina ting  from the 
deexcitation of excited levels are most often made by the s c in t i l la t io n  
method although precise energy determinations are usually obtained from 
in ternal and external conversion e lectron energy measurements with a high 
re s o lu t i6n magnetic spectrometer. The s c in t i l la t io n  spectrometer finds its  
widest applications in y-y coincidence arrangements. This method is essentia l 
for determination of ( 1) the gamma-ray cascade sequences and branching ratios  
which are necessary fo r  the organization of a consistent decay scheme, (2) 
the h a l f - l i f e  of the states, and (3 ) angular momentum of the pa rt ic le s  
involved. The last two items are necessary in order to ascertain the m u lt i­
p o la r i ty  of the transitions and the re la t iv e  angular momentum and p a rity  
of the excited states. Combinations of these techniques in such configurations  
as the three crys ta l t r ip le  coincidence arrangements involving three tran­
s it ion s  (p^y-y, y -y -y ) in sequence and the p a ir  spectrometer for measuring 
high energy (>1 MeVl, low in ten s ity  gamma rays in the presence of low energy, 
high in ten s ity  cascades, can be very useful under special circumstances and 
contribute s ig n if ic a n t ly  to the id e n t if ic a t io n  of excited levels.
3
The combined information from a l l  such measurements w ith assists  from 
data obtained from nuclear reactions can go a long way in de lineating  the 
complex information about nuclear structure and can make s ig n if ic a n t  c o n tr i ­
butions to the development of nuclear theory.
11+0Ce belongs to that group of even-even nuclei which have been so 
help fu l in supplying clues to the theory of the u n if ie d  model of the nucleus. 
The forces involved in th is  model are considered to consist of the centra l  
forces of the s h e ll  model and an added dominant component of th is  complicated 
nuclear force c a lle d  the p a ir ing  force. In the sh ell model the nucleons 
of the outer s tructure  move independently under the influence of the centra l  
force while in the u n if ie d  model the pa ir ing  e f fe c t  between equivalent 
nucleons (d i f fe r in g  only in spin) results in a c o l le c t iv e  nucleon motion.
For a nucleus w ith  the outer sh ell nearly closed, the nucleus remains 
spherical and excited  states of a c o l le c t iv e  nature are characterized by 
v ib ra t io n a l modes about spherical equilib rium  of a rather high frequency; 
th is  is because of the r e la t iv e  "s t if fn e s s "  of the nuclear shape. As more 
and more nucleons are added the resistance to deformation from spherical 
shape becomes weakened and the c o l le c t iv e  motion of the nucleons separates 
in to  v ib ra t io n a l and ro ta t io n a l modes; the la t te r  o f which have espec ia lly  
low e x c ita t io n  energies. Hence, i t  would be expected that the f i r s t  excited  
states of even-even nuclei near closed shells  would be of rather high energy 
states and that there would be a decrease in th is  energy in nuclei fa rth es t  
from closed sh e lls . That th is  is the case has been amply demonstrated by 
expe r i men ta t  i on. *
*0. Nathan, S. G. Nilsson, "C o llec tive  Nuclear Motion and the Unified  
Model", A lpha-. Beta- and Gamma- Ray Spectroscopy Ed. Kai Seigbahn, 
(Amsterdam: North Holland Publishing Company, 1965) ,  I ,  p. 601.
4
These v ib ra tio na l modes are typ ica l of the ordinary harmonic o s c i l la to r .  
Therefore, the f i r s t  excited state w i l l  be 2+ and, because of the c o lle c t iv e  
character of the deformation, should be characterized by having a strong 
quadrupole moment demonstrating a h a l f - l i f e  of an order of magnitude or 
more shorter than the s in g le -p a r t ic le  pred iction. The second v ib ra tio n a l  
excited state (which w i l l  be e ith e r  a 0+, 2*, or 4+ s ta te ) should be about 
twice the energy of the f i r s t  2* level and the decay to the ground state  
should display the selection rules of the harmonic o s c i l la to r  and go 
predominantly in cascade rather than cross over the 2 *- level to the ground 
s ta te .
140Ce has a closed shell neutron structure and closed sub-shell proton 
structure and would be expected, therefore, to show evidence of v ib ra tio na l  
modes. Of course, superimposed on this v ib ra tio na l spectrum w i l l  be a 
complicated spectrum of single p a r t ic le  excita tions beginning usually about 
2500 keV. 2
140 14The nucleus La decays by negatron emmission to excited states in Ce
with a to ta l decay energy of 38OO keV and a h a l f - l i f e  of 40 .2  hours. The
present knowledge of the decay scheme of this isotope suffers seriously
from a lack of deta iled  information about the low energy beta-ray groups
140and about the energy levels of excited states in Ce above 2500 keV.
O
A. Bohr, B. R. Mottelson, "Collective Motion and Nuclear Spectra", 
Nuclear Spectroscopy. Ed. Fay Ajzenberg-Selove, (New York: Academic Press,
I960), P. 1027.
^An up-to*date summary of references to studies made on L a *^  can 
be found in Nuclear Data Sheets. The Nuclear Data Group, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee. Only those references of d irec t in terest  
to this work w i l l  be c ited  here.
il
The beta-ray spectra was f i r s t  studied by Beach jst and subsequently
5 6by Peacock e£ and Boshilov e£ al.. The 38OO keV beta ray d i re c t ly
7
to the ground sta te  has recently  been observed by Ozhelepov ££ gj_. The
results  of these investigations are shown in Table I .
in order to devise a consistent decay scheme s a tis fy in g  the results  of
gamma-ray studies the Nuclear Data Group has adopted end point energies
of 2200, 1710 and I 38O keV fo r  pg, g^, and g  ̂ respective ly . A study of the
g
shape of the 2200 keV beta group by Langer and Smith indicates th is  tran­
s it io n  to have a unique, n o n s ta t is t ic a l shape in agreement with the 3" to
140 1402+ change from the ground state of La to the f i r s t  excited sta te  of Ce
140Many investigations have been made on the gamma-ray spectra of Ce
An abbreviated table summarizing the results  of these investigations is
shown in Table I I .  The energies indicated here are from e ith e r  the in ternal
g
conversion e lectron  studies made by Cork e^ or the p a ir  spectrometer
10 * investigations made by Hansen and Wilsky. The 400, 643 and 903 keV
L. A. Beach, C. L. Peacock, R. G. Wilkinson, Phys. Rev. 1624 (1949)
5C. L. Peacock, J. F. Quinn, A. W. Oser, J r . ,  Phys. Rev. 372 (1954).
^A. A. Boshilov, B. S. Dzhelepov, L. S. Chervinskaya, Izvest Akad.
Nauk. SSSR, Ser. F iz. 18, 88 (195^)*
■7
B. S. Dzhelepov, B. A. Emel'yanov, K. P. Kupriyanova, Yu. N.
Podkopaev, Izvest. Akad. Nauk SSSR, Ser. Fiz. 24, 288 ( I9 6 0 ) .
Q
L. M. Langer, D. R. Smith, Phys. Rev. 119. I 3O8 ( i 960) .
g
J. M. Cork, A. E. Stoddard, J. M. LeBlanc, C. E. Branyan, 0. W.
M artin , W. J. Childs, Phys. Rev. 83 . 856 (1951)-
^ P .  G. Hansen, K. Wi lsky, Nuclear Phys. 32.* (1962).
6
TABLE I
140Reported Beta Rays of La
Beta Ray Energy
(keV)
Re la t i  ve 
In tensity  ( ° / 0 )
log f t -  
value
Ref.
420 16. - 6
830 12. - 52 860 12. - 6
1100 26. 7-5 5J 1150 10. 6
% 1340 45 . 7.6 51360 30. - 6
1320 70. • 4
I 67O 10. 8 .6 55 1620 14. - 6
I 67O 20. - 4
p6 2150 7- 9 .2 5O 2200 8 . - 6
2260 10. - 4
^7
3800 0.0008 - 7
7
TABLE I I  





R ela tive  





R elative  
Intensi t y t
Ref.
>1 68 9 y l4 752 3.4 9
y 2
109 9 y 15
816 46* 9
y3 110 9 y l 6 868 5*
11
y4 130 9 y l7 903? 0 .8 11
y5 173 9 y l 8
926 11* 9
* 6 241 9 y 19 1597 100 9
y 7 265 9 c .e .
1900 0.04 9
y 8 329 40 9 y 20 2373 0 .8 6 10
y9 400? 3 11 y2 l 2535
3 .0 10
y io 1*31 6* 9 y 22 2890 0.08 10
y i l 1*86 50* 9 y23
3100 0 .0 3 10
y l 2 61*3 1 11 y24 3250 0 .005
10
y 13 730 9
*  These re la t iv e  in te n s ity  values are taken from reference 14. Other 
values are from references shown.
t  Photons per 100 d is in teg ra t io n s .
8
tra n s it io n s  have been reported by Prlkhodtseva and Khol'nov** (by Compton 
e lectron  studies w ith a magnetic spectrometer) but they are l is te d  as 
questionable by the Nuclear Data Group. The 1900 keV level involves a 
0+ to  0+ tra n s it io n  to  the ground s ta te ;  hence th is  t ra n s it io n  can only  
occur by in te rn a l conversion. There is considerable d ifferen ce  o f opinion 
about the r e la t iv e  in te n s it ie s  of the gamma rays, the values l is te d  in 
Table I I  are meant only to indicate approximate magnitudes. I f  no re la t iv e  
in te n s ity  value is indicated , i t  would not be in e rro r  to assume the in te n s ity  
is less than l ° / 0 .
140 140The decay scheme of La -Ce as devised by the Nuclear Data Group
is shown in Figure 4 -1 .  The spins and p a r i ty  assignments of 2*, 3+>
0+, and 2+ fo r  the 2520, 2410, 2080, 1900, and 1597 keV levels respective ly
have been f a i r l y  w ell established by the recent angular c o rre la t io n  studies
12of Black and M itc h e ll ,  the d ire c t io n a l c o rre la t io n  investigation  of
13Bishop and Perez Y Jorba, J the in te rn a l conversion c o e ff ic ie n t  measurements
14of B o l i t in  e t  a l .  and numerous investigations on the 0+ to  0+ tra n s it io n  
of the 1900 keV le v e l.  The consistency of the decay scheme up to the 2520
15
keV level is f a i r l y  w e ll established by the coincidence work of Colman
^ V .  P. Pri khodtseva, Yu V. Khol'nov, Izvest. Akad. Nauk, SSSR;
Ser. F iz . gg, I 76 (1958).
12y .  W. Black, A. C. G. M itc h e l l ,  Phys. Rev. l^g, 1193 (1963).
*^G. R. Bishop, J. P. Perez Y Jorba, Phys. Rev. 98. 89 (1955)*
14H. H. B o l i t in ,  C. H. P ruett, D. L. Roggencamp, R. G. Wilkinson,
Phys. Rev. 62 (1955)-
15C. F. Colman, P h il .  Mag. 46, I I 32 (1955).
9
and Bannerman et, aK  ^  and others. These resu lts  are summarized in Table 
I I I .  The levels indicated by dotted lines in the decay scheme o f Figure 4-1  
are proposed by the Nuclear Data Group and do not have, in a l l  cases, the 
support o f d ire c t  experimental resu lts .
TABLE 11 I
140 140Reported Coincidences in La -Ce Decay
Coi ncidences References
(2200P) (1597V) 14
(487V)(329, 43 ly ) 10, 11, 12, 13
(8l5y)U597V) 10, 11, 12, 13
(487V)(329y) 13
( 1597V ) (329, 487 , 815, 923v) 13
No (8 l5 y ) (329, 431, 487y) 12
No (815, 923y)(329, 431, 487y) 12
17The m ean-life  of the 2080 keV level has been measured by Currie ' and
-9found to have a value of (4*97 ± 0 .09) x 10 sec. The m ean-life  of the 
1597 keV state was investigated by nuclear resonance scatter ing  by Ofer
e t  a l . ^  and found to be ( 1.1 ±  0 . 15) x 10 ^  sec.
*^R. C. Bannerman, G. M. Lewis, S. C. Curran, P h i l .  Hag. 42 . 1097 (1 9 5D *
l V  M. C u rr ie ,  Nuclear Phys. 32 , 574 ( 1962) .
to
0. S. Ofer, A. Schwartzchi Id , Phys. Rev. 116, 725 (1959)*
10
Because of the defic iency of de ta iled  information about the decay
lllQ
scheme of La esp ec ia lly  in the regions above 2500 keV, and because of 
an apparent disagreement between the beta- and gamma-ray information i t  was 
evident that th is  isotope deserved the a tte n t io n  of add it iona l study. I t  
was therefore proposed that a thorough inves tiga tion  of the coincidences 
among a l l  the gamma rays detectable by s c in t i l l a t io n  techniques be made and 
supplemented by the Information obtainable from the methods of coincidence 
sum spectra. Since previous studies on the beta-ray  spectra by magnetic 
spectrometer had been made by a number of in ves tig a to rs , i t  was proposed 
that ad d it io na l information in th is  area would be most l i k e ly  rea lized  in 
the use of the s c in t i l la t io n  spectrometer involving both d ire c t  measurements 
and beta-gamma coincidence measurements. As a supplemental experiment i t  
was proposed to make h a l f - l i f e  measurements of as many states as fe a s ib le .
This program was undertaken using the apparatus described in d e ta i l  
i n Chapter 11.
CHAPTER I I
EXPERIMENTAL PROCEDURES
1. Sources and Source P reparation:
140The La sources were produced in the Oak Ridge National Laboratory 
139 v 11*0reactor by the La (n ,y )  La reac tion . The sources were received  
in 9 mC lo ts  as l iq u id  LaCl in HCL so lu t io n . A number of sources were 
checked a f t e r  many h a l f - l i f e s  and no measurable contamination was observed. 
The source holders were made of p la s t ic  p la tes  0 .1 "  th ic k  w ith  1" holes.
In the case of gamma-ray sources the holes were covered w ith Scotch Magic 
Tape upon which the source m a te r ia l  was evaporated and covered w ith  Scotch 
Tape. For be ta -ray  sources the holes were covered w ith  0 .25  nrii 1 Mylar 
upon which the source m a te r ia l was evaporated and covered w ith  a second 
sheet o f  0 .25  m il Mylar.
2. Coincidence System:
In order to take advantage of the combination of the gain and speed 
of 14 dynode tubes, two P h i l l ip s  5&AVP ph o to m u ltip lie r  tubes were employed 
in conjunction w ith  3" x 3"^ N a l(T l )  c ry s ta ls  fo r  coincidence and sum spectra  
measurements. The reso lu tio n  o f th is  arrangement was about l l ° / 0 . This 
value compares w ith  the 8 ° / 0 or 9° / o  reso lu tion  nominally obtainable  w ith  
the b e tte r  o p t ic a l  coupling of 1 1/ 2" x 1 1/ 2" c ry s ta ls  used w ith  2" photo­
tubes; however, the double advantage of higher detection  e f f ic ie n c y  and 
la rger p e a k -to - to ta  1 r a t io  o f 3" c ry s ta ls  was f e l t  to be s u f f ic ie n t  to  o f fs e t  
th is  one disadvantage.
The apparatus used in the coincidence counting observations is shown 
in the block diagram of Figure 2 -1 . The p h o to m u lt ip lie r  vo ltage d iv id e r  
network and cathode fo llow er along with the anode pulse l im ite rs  are shown
11
12
in the schematic c i r c u i t  diagrams of Figure 2- 2 . The fast-s low coincidence
c ir c u i t  is shown in Figure 2-3* The l im ite rs  and fast-s low coincidence
19c i r c u i t  are patterned a f te r  those designed by Simms.
Only one major m odification was made to th is system. Since the output 
pulse of a single channel analyzer is delayed with respect to the input by 
about a microsecond or more and* since the fast-coincidence system does not 
experience th is  delay, a time delay un iv ib ra tor (V4 in Figure 2- 3 ) was 
introduced between the fa s t coincidence gate generator and the slow co inc i­
dence system in order to achieve proper synchronization of the coincidence 
pulses. The operation is as follows: when the "Delay-Prompt" swith (SI
in Figure 2- 3 ) is in the "Delay" position the negative gate pulse of 1 to 
5 usee duration from the p late  of V3A is d i f fe re n t ia te d  at the grid of VkA 
by Cl and Rl. The pos it ive  t r a i l in g  edge of th is  d i f fe re n t ia te d  square wave 
triggers un iv ib ra tor \/k and the gate output pulse is therefore delayed by 
a time equal to the duration of the negative gate pulse from V3A. This 
duration is adjusted by the variab le  coupling capacitor between the plate  
of V3A and the grid of V3B. When the switch is in the "Prompt" position  
the delay un iv ib ra tor is bypassed and the "prompt" positive  gate pulse from 
the p la te  of V3B is fed d i re c t ly  to the t r ip le  coincidence c i r c u i t .
To further compensate for th is delay 1.75 ^sec of RG-65U delay cable 
was introduced between the lin ear a m p lif ie r  output and the pulse height input 
of the multichannel analyzer in order to synchronize the a r r iv a l  of the 
signal pulse with the fast-s low  coincidence gate pulse.
The fas t coincidence c i r c u i t  consisting of transistors Tl and T2 is a 
time-to-amplitude converter (hereafter referred to as TAC). In the











Fig. 2~ 1 • Block diagram o f the coincidence spectrometer. Dl— de tec tor 
No. 1 (N a l(T l)  for y -y  coincidences, p la s t ic  for pry  coincidences), D2—■ 
detector No. 2 (N a l (T l ) ,  L -L im ite r, CF— cathode fo llow er, L. A. — linear  
a m p li f ie r ,  TAC— time- to-ampl i tude converter, SCA— single channel analyzer, 
O-TC— doub l e - t r  i p ie coincidence, D— discrim inator, MCA—multichannel 
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Fig. 2~2. P h o to m u lt ip l ie r ,  cathode fo l low er  and l i m i t e r  c i r c u i t s  diagram.
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Fig. 2- 3* Time-to-amplitude converter and t r i p l e  coincidence system diagram.
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quiescent condition T1 and T2 are conducting and the output tran s is to r  T3 
is cut o f f .  When e ith e r  T1 or T2 is cut o f f  by a po s it ive  pulse the current 
I flowing through R2 is ca rr ied  by the other. When both T1 and T2 are cut 
o f f  the current I is switched in to  T3« This current is integrated by the 
d is tr ib u te d  capacitance a t the c o lle c to r  of T3; therefore the amplitude 
of the output pulse is given by
V = I A t /C s (2-1)
where At is the time T1 and T2 are simultaneously cut o f f .  Hence, V i s  
proportional to the time of overlap of the input pulses. F ive -fo o t, shorted- 
ended c lipp in g  stubs of RG-6 3 U cable (v e lo c ity  of propagation^. 21 nsec per 
fo o t) were used to shape the input pulses. Hence the resolving time of the 
fast coincidence c i r c u i t  was approximately 20 nsec.
The TAC output pulses were used as ordinary fas t coincidence pulses 
and were fed through a gain of 10 am p lif ie r  (VIA and V1B of Figure 2-3) to
the in tegra l pulse height d iscrim inator (V2A and V2B). The discrim inator
was set to d is tingu ish  between single and double input pulses. In h a l f - l i f e  
measurements the TAC pulses were brought out through the cathode follower  
V9 to the multichannel analyzer.
The slow t r ip le  coincidence c i r c u i t  consists of un iv ibra tors  V3 (or V4), 
and V5 and V6 for pulse shaping of the fa s t coincidence pulse from the TAC
and the single channel analyzer gate outputs along with the t r ip le  diode
"and" gate c i r c u i t  consisting of diodes Dl, D2 and 03.
An output coincidence pulse is produced only i f  po s it ive  pulses are 
simultaneously present a t  anodes of a l l  diodes switched into the system.
The u n iv ib ra to r  fo llow ing the diode "and" gate is biased to distinguish  
t r ip le  coincidence events from double or s ingle events.
17
3* Sum Spectrometer:
20A linear pulse adding c i r c u i t  was constructed a f te r  the design by Naqvi. 
The block diagram of the sum spectrometer and c i r c u i t  ate shown in Figure 2-k.  
The sum c ir c u i t  accepts pulses from two detectors a t  inputs A and 8 . The 
output of the c i r c u i t  is proportional to the sum of the amplitude of any two 
pulses occurring simultaneously a t  the inputs* The ca lib ra tion  line  shown 
in Figure 2-kc  i l lu s tra te s  the l in e a r i ty  of the adder c irc u it *
The sum spectrometer takes advantage of the p ro b a b ility  that two (or 
more) gamma rays occurring in cascade in a single nucleus w i l l  be observed, 
one (or more) each, in two crys ta l detectors. By l in e a r ly  adding the pulses 
from the two detectors a single channel analyzer can be used to s e le c tiv e ly  
observe with a multichannel analyzer those gamma rays that occur in one 
crys ta l and sum (up to a given energy leve l)  w ith gamma rays occurring 
simultaneously in another crysta l*  For example: given y j and y ^  with energies
Ej and Eg in cascade from an excited state to the ground state of a nucleus. 
With the "sum" single channel analyzer set to produce an output gate pulse 
proportional to Ej + Eg the multichannel analyzer w i l l  be gated on only 
when "Xj and y are both to ta l ly  absorbed by both crys ta ls . The spectrum 
d is tr ib u t io n  w i l l  consist of peaks proportional to E^, Eg and Ê  + Eg.
This technique has two advantages:
(1) The spectral d is tr ib u t io n  w i l l  consist only of to ta l  absorption 
peaks for the sp ec if ic  tran s it io ns  involved. There is l i t t l e  or no c o n tr i­
bution to the spectrum from processes in which only a part of the gamma-ray 
energy is absorbed.
(2) The detection e f f ic ie n c ie s  of coincident gamma rays are equal
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Fig. 2~^c. Sum spectrometer c a lib ra t io n  line .
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regardless o f the energies Involved. Hence, the two peaks are expected to 
be equal in height and symetric in shape.
134An example of a sum spectrum of the 1401 keV level in Cs i l lu s t r a t in g
134these symmetries is shown in Figure 2-5* A p a r t ia l  decay scheme of Cs
21a f te r  Trehan e t  a l .  is a lso shown in the f ig u re . The two gamma rays 
involved in the sum are the 605 and 800 keV tra n s it io n s .
Where the decay scheme is very complicated w ith  a large number of 
moderately intense gamma rays great care must be taken in the in te rp re ta t io n  
of sum spectra. False peaks may be produced by:
(1) gamma-ray photopeak d is tr ib u tio n s  which sum up to only an approxi­
mate sum but are not a c tu a l ly  in cascade or not properly involved in 
the level being measured,
(2) gamma-ray peaks summing w ith segments of Compton d is tr ib u tio n s  of 
other gamma rays,
(3 ) summing of the backscatter peak with photopeak or Compton d i s t r i ­
butions segments. This e f fe c t  can usually be elim inated by proper 
shrfQding of the two detectors.
134Effects ( l )  and (3) are present in the Cs spectra of Figure 2-5*
The (200 + 1200) keV sum is a resu lt of summing of the 200 keV gamma ray 
( 0 .6 ° /o) w ith the 1168 keV ( 3 ° /0) gamma ray and summing of the 1168 keV 
gamma ray w ith  backscatter photons of other gamma rays. The (400 + 1000) 
keV sum is due to summing of the IO38 keV photopeak with  the Compton edge 
of the 605 keV gamma ray.
pi





















Fig. 8-5- 1401 keV sum spectra of Cs*^*.
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k .  Beta-Rav Spectra Measurements:
The beta-gamma coincidence system is id e n tic a l to the gamma~gamma
system except that one of the NaI c rys ta ls  was replaced by a 1 cm x 1 1/2"
22Naton I 36 p la s t ic  s c in t i l l a t o r .  A Lucite co llim ato r 1 cm th ick (see
Figure 2- 6 ) was employed to maintain large angle incidence of the beta rays
with the s c in t i l l a t o r  surface and to  reduce edge e f fe c ts .
With th is  arrangement a l l  beta rays are presented w ith  a t  least 1 cm
of c rys ta l thickness: The maximum range of the most energetic beta p a r t ic le s
140of La is approximately 8 mm. The s c in t i l l a t o r  was made l ig h t  t ig h t  w ith
2 2 aluminized Mylar f i lm  of 0 .9  mg/cm Mylar and 0 .5  mg/cm aluminum area density.
Crystal
Col 1imator
Phototube I  Source
Figure 2- 6 . Beta-Ray Detector -  Source Geometry
The 1.0 cm of a i r  between source and s c in t i l l a t o r  has an area density of 
2
about 1.2  mg/cm and the source thickness was estimated not to exceed 1.0
2 2 23mg/cm . Hence, the to ta l  absorption thickness was about 3 .6  mg/cm . Arnoult
has shown that the transmission of beta rays through this thickness drops
from 100°/o a t  about 150 keV to zero a t about 1*0 keV. The Fermi p lo t of
22Supplied by Thorne E lectronics, Hookrise South, Tolworth, Surbiten 
Surry, England.
^ R .  Arnoult, Ann. de Phys. 12. 2*+l (1939)- See also W. C. Parker 
and H. S la t is ,  "Source and Window Technique", Alpha-. Beta- and Gamma-Rav 
Spectroscopy. Ed. Kai Siegbahn (Amsterdam: North Holland Publishing Company,
1965), I ,  p. 379.
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1V7the beta-*ray spectrum of Cs shown in Figure 2 -7  indicates no serious 
d is to rt io n  in the spectrum due to scatter ing  at energies above 300 keV.
The geometry shown above in Figure 2-6  was found to give the best 
arrangement, among many investigated, to the demands of high resolution and 
low thickness of absorber m ateria l between source and s c in t i l la t o r .  During 
background runs, to determine the gamma-ray spectra d is tr ib u t io n  in the 
p la s t ic  s c in t i l l a t o r ,  the co llim ator was replaced by an equally th ick Lucite 
beta stopper.
Gamma-ray background in a p la s t ic  s c in t i l la t o r  can represent an
appreciable fra c tio n  of the to ta l  spectrum and can be espec ia lly  damaging
I f  the Compton d is tr ib u t io n  happens to overlap the end point energies of beta-
ray groups. Consequently great care was taken to insure that the source-
set n t i l l a t o r  geometry was id entica l during both spectrum run and background
140run. Because of the short h a l f - 1i fe  of La i t  was necessary, in most 
instances, to  change sources between spectrum run and background run in order 
to maintain an approximate eq uality  o f count rate .
Special care must also be taken to correct for the dead time of the 
multichannel analyzer. ("Dead time" is the time the multichannel analyzer 
requires to analyze and store a pulse. Pulses a rr iv in g  during th is  time w i l l  
be ignored. "Live" time is the time the analyzer is awaiting the a r r iv a l  
of a pulse. This is the time stored in channel zero of the analyzer. Hence, 
clock tim e=live time+dead tim e). The Technical Measurements Corporation 400 
channel analyzer used in th is  experiment has a dead time of {36+O.2N) usee 
for each pulse analyzed where N is the channel number addressed by each pulse. 
For a count rate of 10,000 counts per sec with an average addressed channel 
number of 50 the analyzer would be "dead" for 4 6 ° /0 of the time while under 











1^7Fig. 2-7* Fermi p lot of the Cs -1 beta-ray spectrum.
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time of about 9° /o *  1° 9«neral no such correction was necessary for coin­
cidence spectra* for such measurements involved count rates no greater than 
100 counts per sec.
To insure correctness of the background subtraction the gamma-ray count 
rate in the beta s c in t i l la t o r  was determined a t the beginning of the spectrum 
run and the beginning of the background run. Call these two a c t iv i t ie s  Aj 
and Ag respectively. I f  the clock time for each run (corrected for dead time 
i f  necessary) is t j  and t^  respectively and X*the decay constant* then the
background correction factor F is
-At
1 -  e 1
* ^ 2  1 -  e *
(2- 2 )
An additiona l problem in the use o f  the s c in t i l la t o r  for beta-ray studies 
is caused by summing. This process occurs most in cases where the beta ray 
is followed immediately by gamma-ray tran s it ions . There is a likelihood that 
both p a rt ic le s  may simultaneously deposit energy in the s c in t i l la to r }  the 
pulse output being then proportional to the sum of the two energies. There 
being no means of distinguishing between such an event and single beta-ray  
or single gamma-ray events th is  pulse w i l l  be regarded as a bona fid e  beta- 
ray occurrence. Hence* there w i l l  be a disturbing d is tr ib u tio n  of such 
coincident sum pulses randomly d is tr ibu ted  over the e n tire  beta spectrum which 
should be expected to produce some d is to rt io n  of the spectrum shapes* especially
near the end point energies of the highest energy beta-ray groups.
Assuming an isotropic d is tr ib u t io n  of gamma-rays following beta rays 
which have entered the detectors an estimate of the upper l im it  of the sum­
ming e f fe c t  can be determined. The p ro b ab ility  P of the gamma ray also  
entering and depositing energy in the s c in t i l la to r  is given by
P = (1 -  e ' ° * )  (2-3)
4nd2
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where A is the area of the detector face, d is the source to detector distance, 
O the lin ear absorption c o e ff ic ie n t  of the s c in t i l la t o r  m ateria l and x its  
thickness.
1U0Because v i r t u a l ly  a l l  decays in La eventually f a l l  through the 1597 
1M)keV level in Ce , every beta-ray tran s it io n  is followed by a 1597 keV gamma
ray. The p ro b ab ility  that summing of a beta ray with a 1597 keV gamma ray
is then, from the above equation, about 2 ° / 0 . Taking into consideration the
re la t iv e  beta- and gamma-ray in ten s it ie s  of the other prominent gamma rays 
1M)in Ce an add it iona l summing contribution of 2° / 0 must be added to the 
above f igure .
An e f fe c t  of th is  magnitude, though not in s ig n if ic a n t ,  is not expected 
to d is to r t  the spectrum so seriously that a Fermi p lo t would not reveal the 
separate beta-ray groups. As was remarked above, the worst d is to rt io n  would 
be expected a t the end point energies of the highest energy beta-ray groups. 
This was found to be the case and w i l l  be discussed more f u l ly  in the next 
chapter.
5* H a lf -L ife  Measurements;
a. Transitions with h a l f - l iv e s  greater than 5 x 10 ^  sec:
A block diagram of the experimental arrangement is shown in Figure 2-8a. 
The detector arrangement is e s s e n tia lly  that used in beta-spectra measurements 
except that the Nal detector 02 was replaced by a 1 1/2" x 1 1/2" Na-136 fast 
p la s t ic  s c in t i l la t o r  as a gamma ray detector. The time-to-amplitude converter 
and t r ip le  coincidence system are described above in th is  chapter. In order 
to.extend the time range of the TAC the pulse shaping clipp ing stubs were 
changed from the 5 f t  sections used in coincidence measurements to 17 f t  
sections. This permitted a range of a t  least three mean l i fe - t im e s  for the
liiQ
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Fig. 2-8b. C alib ra tion  for system in Figure 2- 8a.
27
In th is  method of h a l f - l i f e  measurements the beta ray, which marks time 
zero, is detected in 01 (see Figure 2-8a) and the gamma ray, which occurs 
on the average of a mean-1ife tim e a f te r  the beta ray, is detected in 02.
I f  the time of overlap of the pulses provided by the detectors to the TAC
oL
for a prompt event is T then for a delay of time t between the a r r iv a l  
of the beta ray a t 01 and the a r r iv a l  of the gamma ray a t 02 the duration 
of pulse overlap w i l l  be T - t  and from equation (2-1) the pulse output of the 
TAC w i l l  decrease l in e a r ly  with t .  The logarithmic p lo t of the d is tr ib u t io n  
of these pulses for a delayed event w i l l  resu lt in the typ ica l lin ear slope 
of a decay rate .
The single channel analyzers and t r ip le  coincidence c i r c u i t  are employed 
to gate open the multichannel analyzer upon receipt of the information that:
( 1) a fas t coincidence has occurred between 01 and 02,
(2) a beta ray w ith in  the range selected by SCA1 has been observed in
01,
(3 ) a gamma-ray tran s it io n  under consideration has been observed in D2 . 
This se lection is established by SCA2 .
Since the time resolution is somewhat dependent on the amount of energy
deposited in the crys ta l only a small range of b e ta -p a r t ic le  energies is
60used. Consequently SCA1 was set to gate on the upper quarter of the Co 
Compton spectrum.
The l in e a r i ty  and time range of the TAC is shown in the c a lib ra t io n  
curve of Figure 2- 8b. This curve was obtained by observing the position
of peak of the d is tr ib u t io n  of prompt pulses from Co^ (mean-life of 5 *  10 ^
■—
"Prompt" is here taken to mean a time difference between beta and 
gamma ray of £ 10" sec.
20
sec)*^ for various lengths of RG-63U cable inserted between the l im ite r  and 
TAC In the gamma-ray detector system. The s e n s i t iv i ty  is found from this  
curve to be (I. lt6 l*± .006)x l0  sec per channel. The v e lo c ity  of propagation 
of RG-63U cable was measured with a Hewlett-Packard type ll*OA Reflectometer 
and found to be ( 1. 210* . 005) x l 0“ 9 sec per foot. The e rro r  in the s e n s i t iv i ty  
is derived from th is  measurement.
b. Transitions with h a l f - l i f e  less than 5 x 10 ^  sec;
26This technique, devised by Simms e£ al_., involves the simultaneous 
measurement of the TAC d is tr ib u tio n s  of two tra n s it io n s . I f  one is a prompt 
event and the other delayed the centroid of the delayed event d is tr ib u tio n  
w i l l  be sh ifted  with respect to that of the prompt d is tr ib u t io n  and, hence, 
provide a measure of the h a l f - l i f e  of the delayed event. Usually the centroid  
s h i f t  technique involves two isotopes w ith s im ila r  energy ch arac te r is t ics , but 
the measurements on the two isotopes are made separately and therefore suffer  
from errors  in source-detector geometry and d r i f t s  in the instrumentation.
There are three conditions that must be met in order to apply th is  
technique. F i rs t ,  the source must e x h ib it  both the delayed coincidence of 
in te res t and also a prompt coincident event for comparison. I f  necessary 
two isotopes can be mixed to form a single source. Second, the two events 
must not be distinguishable by the TAC. Third, the two events must be d is ­
tinguishable by an a u x il ia ry  coincidence system.
A block diagram of the experimental arrangement is shown in Figure 2~9a. 
The detectors (D1 for beta rays and D2 for gamma rays) are fast (decay time 
~  3x10 sec) p la s t ic  Naton 136 s c in t i l la to r s  1cm x 1 1/2M and 1 1/2" x
^ Y .  K. Lee, C. S. Wu, Phys. Rev. 132, 1200 ( 1963) .  
o6













Tig. 2*9a. System for measuring short h a l f - l iv e s . Fig. 9L». Cal ibrat ion for system in Figure
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1 1/ 2*1 respective ly  and are used to provide the time pulses (a f te r  appropriate  
shaping) to  the TAC. The pulses from the TAC are fed to the multichannel 
analyzer which is gated by the t r ip le  coincidence c i r c u i t .  This part o f the
operation of the system is s im ila r  to the system employed in the slower
time measurements described previously.
Detector D3 , a 3" x 3" Nal c rys ta l coupled to a 6810A photom ultip lier,  
is operated in coincidence with 02 using a conventional fast-s low coincidence
c i r c u i t  having a resolving time of approximately 50 nsec. The output of
th is  c i r c u i t  is used to control the se lec tive  storage system of the m u lt i­
channel analyzer. By th is process 03 is used to determine whether a coin­
cidence is a prompt or delayed event.
Figure 2-10 shows an ideal decay scheme to which th is method may be 
applied. For best results i t  is preferable that the in ten s ity  of 0j and
Delayed
Prompt
Figure 2-10. An Ideal Decay Scheme For 
The Measurement of Short Half-Lives  
be much greater, or, in the worst case, not less than the in ten s ity  of 0^ 
and y^. Also the energy of y^ must be greater than the energy of y^ so that 
an appreciable segment of the Compton d is tr ib u t io n  of y^ in the p la s t ic  
gamma-ray detector, D2, extends above the Compton edge of y^. Under these 
conditions SCA2, which is associated with detector D2, is set to gate only 
on the high energy portion of the Compton d is tr ib u t io n  of y^ above the
31
Compton edge of y g. SCA1, associated w ith detector Dl, Is set to se lec t a 
segment of the beta-ray spectrum which Includes contributions from both 
Pj and Since only the two fa s t  p la s t ic  detectors furn ish coincidence
pulses to the TAC, tim e-to-am plitude pulses are fed to the multichannel 
analyzer only as a re s u lt  of 3 ’̂ ^^ or Pg'^l co*nc*dence events in detectors  
D1 and D2. SCA3 , associated w ith  detector D3, is set to gate only on the
photopeak o f  y g. This channel of the detector system is used only to determine
through the se lec tive  storage system of the multichannel analyzer which of 
the two possible coincidence events or ) has occurred in the
Dl, 02 detector system. I f  there is a Pj, Pg'Vj coincidence between 01 and 
02 and no y g detected in 03 the se lec tive  storage system of the multichannel 
analyzer is not ac tiva ted  and the time pulse from the TAC is stored in the 
lower h a lf  o f memory. I f ,  on the other hand, there is a &2~^\  co inc*dence 
between 01 and 02 and y g is observed in 03 then the s e le c tiv e  storage system 
is ac tiva ted  and the time pulse from the TAC is stored in the upper h a lf  
of memory. Hence, only the events involved in the sequence
w i l l  be stored in the upper h a lf  of memory and events involved in
the sequence w i l l  be stored in the lower h a lf  of memory. Since
events are prompt events the time d is t r ib u t io n  in the lower h a lf  o f memory
is used to define time zero. There w i l l ,  of course, be a fra c t io n  of Pg'^j
events in the lower h a lf  of memory but, i f  the r e la t iv e  in te n s ity  of Pj 
and pg is not too unfavorable th is  w i l l  cause only a s l ig h t  d is to rt io n  to 
the prompt d is tr ib u t io n .
The centroids of the time d is tr ib u t io n s  were ca lcu lated  from the 
26fo llow ing formula:
x -  S y . x . / ^ y ,  <2-4)
06
R. 0. Evans, The Atomic Nucleus (New York: M cGraw-Hill Book Co.,
1955) t Chapter 26 .
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where x. is the channel number and y ; the number of counts in the i th  channel. 
The standard error in the mean value of the d is tr ib u t io n  is given by;
( £ .y .x f )  -  i ( E . y . x . )' i 11 i i t  i
I . y .i 11
1/2
(2-5)
A c a lib ra t io n  curve of the channel number of the peak of the time 
d is tr ib u t io n  vs fe e t of RG-63U cable is shown in Figure 2-9b. The slope of 
th is  l in e  gives a s e n s i t iv i ty  of (4 .6 l± .0 1 )x l0  ** sec per channel. Due to 
the shorter time involved only 5 f t  sections of RG-63U were used as pulse 
shaping clipp ing stubs in th is  part of the experiment.
4
CHAPTER M l
EXPERIMENTAL RESULTS AND CONCLUSIONS
1. Observed Coincidences
In the gamma-gamma coincidence measurements, coincident photopeaks
140were observed for a l l  known gamma rays of Ce that could be resolved 
by d ire c t NaI c rys ta l techniques. No attempt for coincidence observations 
was made for energies above 1600 keV because of the low in ten s ity  and low 
detection e f f ic ie n c ie s  a t  these energies. Also no photopeaks were observed 
below 3OO keV because of the strong backscatter from the high in ten s ity ,  
high energy gamma rays and bacause of the l im ita t io n s  of the coincidence 
system below 200 keV. In general the coincidence measurements agree well 
with previous investigations and some add itiona l d e ta i ls  have been observed.
The gamma-gamma coincidences observed in th is  study are l is te d  in
Table IV. In each case shown the gamma rays in the second column are those
that were stored in the multichannel analyzer as being in coincidence with
the gamma ray of the f i r s t  column. The 2080 keV level has a h a l f - l i f e  of
-9approximately 5 x 10 sec and therefore the coincidence spectra of Figure 
3 -3  and 3-4 were done by delayed beta-gamma and delayed gamma-gamma co inc i­
dence respectively- The results  of the delayed coincidences are l is te d  in 
Table IV under 485 keV gamma-ray coincidences. The singles gamma-ray spectrum
is shown in Figure 3“ 1*
The spectrum of gamma rays in coincidence with the 329 keV gamma ray
shown in Figure 3“2 was corrected fo r coincidences due to Compton electrons  
produced in the crys ta l by the 1597 keV gamma ray. This correction was 
accomplished by subtracting 10° / o of the spectrum in coincidence with the 
1597 keV gamma ray. Contributions to th is  coincidence spectrum from Compton
33
3**
e ffe c ts  of other gamma rays in the spectrum was considered e ith e r  neg lig ib le  
(the 329 keV peak straddles the v a lle y  of the 486 keV gamma spectrum) or 
not to change the deta iled  structure of the coincidence spectrum (the 815 
and 923 keV gamma rays are only in coincidence with the 1397 keV gamma ray). 
This spectrum shows that the 329 keV gamma ray is only in coincidence with  
the 486 and 1597 keV gamma rays.
TABLE IV
140Observed Gamma-Ray Coincidences in Ce
y-Ray
keV
y - y  Coincidences Observed 
in keV
Figure
329 486, 1597 3-2
485 329, 432, 868, 1597 3-3 and 3-4
8 I 5 1597 3-5
1597 329 ( l 8° / 0) , 432 (2 . 2° / 0 ) 
486 (3 9 ° /0 ) ,  752 ( 2 .7 ° /0 ) 
815 (26° / 0 ) ,  868 ( 4 ° /0) 
923 (1 3 ° /0)
3-6
The delayed coincidence spectra of Figures 3“3 an  ̂ 3“4 c le a r ly  reveal 
deta iled  information about the cascades into and out of the 2080 keV leve l.  
In obtaining the spectra of Figure 3-3  a 1" x 1 cm p la s tic  s c in t i l la to r  was 
used as a beta-ray detector and a 1 1/2" x 1 1/2" N a l(T l)  crysta l was used 
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Fi g.  3 -2 .  Gamma-ray spectra in coincidence w ith 329 keV gamma ray.
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Fig. 3-k.  Delayed gamma-gamma coincidence spectra-
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about 15 nsec with respect to pulses from the gamma-ray detector. The gamma 
rays in such delayed coincidence with the beta rays are shown in Figure 3"3* 
In obtaining the spectra of Figure 3“4 a 1 1 /2 "  x 1 1 /2 "  p la s t ic  crys ta l  
was used to detect the upper segment of the 1597 keV Compton d is tr ib u t io n .
In th is instance the pulses from the Nal c rys ta l were delayed with respect 
to pulses from the p la s t ic  s c in t i l l a t o r .  The gamma-ray spectrum in delayed 
coincidence with the 1597 keV gamma ray shown in Figure 3-4 shows c le a r ly  
the 432 keV photopeak which is nearly unobservable otherwise, although its  
presence is ju s t  noticeable at the base of the 466 keV photopeak in the 
to ta l  spectrum. The photopeak d is tr ib u t io n  of the delayed coincidence 
spectrum around the 85O keV has been separated in to  four photopeaks of 
923, 868, 815> and 752 keV. A comparison of th is  separation and a s im ila r  
separation of the gamma-ray spectrum in prompt coincidence with the 1597 
keV gamma ray (see Figure 3“6) indicates that the re la t iv e  in te n s it ie s  of 
these gamma rays in the two spectra are not id e n t ic a l.  The 868 keV gamma 
ray is of higher re la t iv e  in ten s ity  to the 923 and 815 keV gamma rays in 
the delayed instance than in the prompt case. I f  th is  d is tr ib u t io n  were 
due e n t i re ly  to accidental coincidences (as indeed some of i t  must be) the 
gamma rays would have the same re la t iv e  in ten s ity  with respect to each other 
in the delayed spectra as they have to one another in the prompt coincidence 
spectra. The 923 keV gamma-ray photopeak must be due to accidental co inc i­
dences for there is s u f f ic ie n t  evidence to indicate that this gamma ray 
crosses over the 2080 keV lev e l.  I f  th is  is so then i t  must also be assumed 
that the 815 keV gamma ray is also due to accidental coincidences for the 
re la t iv e  in ten s ity  of the 815 keV gamma ray as compared to the 923 keV 
photopeak in the prompt and in the delayed coincidence spectra is 2:1 in 
the former and 2:1 in the la t te r .  This indicates that the 815 keV and 923
keV photopeaks in the delayed case are due to accidental coincidences and, 
hence, there are no components of the 815 and 923 keV gamma rays that are 
advanced re la t iv e  to the 2080 keV lev e l.  A s im ila r  comparison of the 923 
and 868 keV gamma rays provides a re la t iv e  in tens ity  of these two gamma 
rays of 3 *3: 1 in the prompt coincidence spectrum and 0 . 6 :1  in the delayed 
case. This demonstrates that the major frac tion  of the 868 keV gamma ray 
is due to true coincidences and therefore the 868 keV gamma ray is advanced 
with respect to the 2080 keV leve l. Making the same comparison between 
the 923 and 752 keV gamma rays shows these two to have id entica l *+.3:1 
ratios in both the delayed and prompt coincidence spectra and therefore the 
752 keV gamma ray must a lso be due to accidental coincidences. This is the 
f i r s t  d e f in i t iv e  proof that the 868 keV gamma ray preceeds the 2080 keV 
level and that the 752 keV gamma ray crosses over the 2080 keV level.
Also there is evidence in the delayed coincidence spectrum of Figure 
3-*+ of a 650 keV gamma ray. This is the f i r s t  indication by s c in t i l la t io n  
spectrometer of the presence of a gamma ray of th is  energy. Prikhodtseva 
and Khol'nov have reported the observation of a 6*+3 keV gamma ray by 
Compton e lectron studies in a magnetic spectrometer. Evidence of th is  gamma 
ray is also seen in coincidence spectra of Figures 3"2 and 3~5> and in a 
number of other spectra observed. The average measured value for th is  gamma 
ray was 655 keV.
The spectra of gamma rays in coincidence with the 8 15 keV gamma ray 
shown in Figure 3-5  was a lso corrected for coincidence due to Compton 
electrons produced in the c rys ta l by the 1597 keV gamma ray. This was done 
by subtracting *+7°/o ° f  the spectrum in coincidence with the 1597 keV gamma














P* 9* 3"5* Gamma-ray spectra in coincidence w ith  815 keV gamma ray.
ray. This spectrum demonstrates that the 815 keV gamma ray is a tran s it io n  
d ire c t ly  to the 1597 keV le v e l.  In addition i t  would appear that the 486 
keV and 329 keV gamma rays are also in coincidence with the 815 keV gamma 
ray. However, i t  is rather d i f f i c u l t  to say from this spectrum that a 
component of the 815 keV gamma ray must also preceed the 329 keV gamma ray. 
I t  has been found to be too much to expect that such subtractions would 
always completely e lim inate  photopeaks of very strong in ten s ity  fo r ,  i f  
there is but the s l ig h te s t  s h i f t  in the c a lib ra t io n  between the two speetrum 
runs, the photopeaks d is tr ib u tio n s  w i l l  not quite  overlap and, as a resu lt ,  
residues of these peaks w i l l  remain a f te r  subtraction. However, the peak 
positions of these residues would not usually correspond to the proper 
photopeak energy. In th is  case a carefu l check on the subtraction indicated  
that the two peaks remaining a f te r  the subtraction seemed to be true peaks 
and therefore can only be a t t r ib u ta b le  in part to coincidence contributions  
from segments of the 868 keV gamma ray that f a l l  in the window of the single  
channel analyzer.
Spectra in coincidence with the 865 keV and 923 keV gamma rays were 
also studied but because of the low in ten s ity  of these gamma rays and the 
interdependence of these coincidence spectra with each other and the 815 
keV and 1597 keV gamma-ray coincidence spectra these were found impossible 
to analyze by subtraction of components of other coincidence spectra. The 
gamma-ray spectra in coincidence with the 923 keV gamma ray did show a 
preponderance of the 1597 keV gamma ray indicating that th is  is a tran s it io n  
between the 2520 keV and the 1597 keV lev e l.
The gamma-ray spectrum in coincidence with the 1597 keV gamma ray is 
shown in Figure 3- 6 . This spectrum indicates that a l l  the gamma rays 

















Fig. 3- 6 . Gamma-ray spectra in coincidence wi th 1597 keV gamma ray.
20ray. This is in agreement w ith  Bolt t in  et a l .  who have shown that the
2200 keV beta-ray group is in coincidence with only the 1597 keV gamma
ray. Hence a l l  other levels must cascade through the 1597 keV lev e l.  Since
the number of high energy cross-over trans it ions  to the ground state of 
1^0Ce from levels higher in energy than the 1597 keV level is very nearly  
n eg lig ib le  the re la t iv e  in ten s ity  values obtained by peeling out the various 
gamma rays from th is spectra is a f a i r l y  accurate measure of the to ta l  re la ­
t iv e  in ten s ity  of the gamma rays observable in th is experiment. These 
values are shown in Table IV for the 1597 keV coincidence results .
Sum-Coincidence Spectra
Of the sum-coincidence spectra only the sums of 2080 keV, 2^10 keV, 
and 2580 keV showed v a lid  sum cascades. These v e r ify  the data of the gamma- 
gamma coincidence measurements. Other sum spectra studied (especia lly  
those a t  energies higher than 25§0 keV) were seriously hampered by one or 
more of three factors: ( l )  the gamma rays involved were of too low an
in ten s ity , (2 ) too low in energy, and (3 ) gamma rays which are not a c tu a lly  
involved in the cascade but have energies approximately equal to transitions  
that do properly belong in the cascade. The results of the sum spectra 
shown in Figures 3“T, 3"8, 3"9# 3” 10# and 3 "H  w i l l  be discussed b r ie f ly  
in turn.
The 2080 keV sum spectrum of Figure 3"? demonstrates that the 1597 keV 
and 1*85 keV gamma rays are in cascade from the 2080 keV level to the ground 
sta te . The (810+1280) keV sum peaks can only be a ttr ib u te d  to summing of 
the 815, 868, and 923 keV gamma-ray complex with an appropriate segment of 
the 1597 keV Compton d is tr ib u t io n  because: (1) the shape of the 1280 keV






F'9* 3“7* Coincidence sum spectra with the single channel analyzer 
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Fig .  3- 8 . Coincidence surr. sp e c t ra  w i t h  the s i n g l e  channel  a n a ly z e r
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Tig .  3“9* Coincidence sum spectra  w i th  the s in g le  channel a n a ly z e r
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Fig. Coincidence sum spectra w ith  the single channel
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Fig .  3~11. Coincidence sum sp e c tra  w i t h  the s i n g le  channel
a n a ly z e r  se t  a t  1901 keV, narrow window w id th .
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peak d is tr ib u t io n  is a m irror image of the 815, 868, and 923 keV photopeak 
d is tr ib u t io n  which would imply the existence of s im ila r  1157, 1212, and 
1270 keV gamma-ray complex, (2) the in ten s ity  of th is  sum as compared to 
the in ten s ity  of the (485 + 1600) keV sum peaks would imply an in ten s ity  
of about 2 to 3 ° /0 for these gamma rays; no gamma rays w ith in  th is energy 
range have been observed e ith e r  by this investigation or any other.
The 2410 keV sum spectra of Figure 3*8 v e r i f ie s  the sequence of (329 + 
485 + 1600) keV from the 2410 keV level to the ground state w ith the 815 
keV gamma ray as a cross-over tran s it io n  from the 2410 keV level to the 
1597 keV lev e l.  Also, the 2520 keV sum in Figure 3-9  demonstrates that the 
923 4eV and the 1597 keV gamma rays are in cascade from the 2520 keV leve l. 
The small 33O keV and 485 keV peaks in th is spectrum are also due to 
accidental coincidences.
A very close study was made of the 1901 keV sum spectrum shown in
pQ
Figures 3"10 and 3“ H * Naqvi and Hogg reported investigating th is sum 
spectrum and observed peaks a t 3O6 , 485, 815, 1088, 1415, and 1597 keV and 
proposed the decay scheme shown in Figure 3"12. The peaks observed in th is  
study were at 330, 485, 830, 1118, 1425 and 1600 keV as seen in Figure 3"10. 




315 ^,  437 306
1596
Figure 3- I 2
Decay Scheme Proposed by Naqvi and Hogg (see reference 29).
^ S .  I .  H. Naqvi, B- G. Hogg, Phys. Rev. 128 . 357 (1962).
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keV sum spectrum of Figure 3"7 I t  is possible to estimate th at, as a lower 
l im i t ,  the re la t iv e  in te n s ity  of a 3O6 keV gamma ray would have to be about 
10°/o and about 2 to 4 ° / 0 fo r  the 1425 and 1088 keV gamma rays. ^Gamma rays 
of such in ten s ity  would e a s ily  be seen by other, more d ire c t ,  methods. 
Furthermore, Figure 3"11 is a repeat o f the 1901 keV sum with the single
*
channel analyzer window width reduced to one-half the value used in the 
spectrum of Figure 3~10 and shows the 1425 keV peak has completely disap­
peared. There is no reason why this should occur to a proper summing gamma- 
ray peak. On the contrary, a more narrow window should be expected, w ith in  
l im its ,  to improve the distinctness of the peaks. The only conclusion, 
therefore , is that the 1118 and 1425 keV peaks are due to summing o f the 
485 and 815 keV gamma rays with segments of the 1597 keV Compton d is tr ib u ­
tion and that the 329 and 1597 keV gamma rays only approximately sum to 1901 
keV and are not t ru ly  in sum coincidence.
A sum coincidence spectra was also run on the 1597 keV level to check 
for cascade transitions to the ground state but none were observed. This
is in agreement with the id e n t i f ic a t io n  of the 1597 keV level as the f i r s t
140exc1 ted state 1n Ce 
3- Beta-Rav Spectra
The results of the beta-ray spectra measurements revealed the presence 
of two new beta-ray groups with end point energies of 1270 keV and 680 keV 
in addition to those previously reported by other investigations. These 
results  also indicated a moderate readjustment in the end point energies 
of the other beta-ray groups which is more consistent with the decay scheme. 
The results  o f these measurements are l is te d  in Table V along with log f t -  
values and the re la t iv e  in te n s it ie s . The errors in the end point energies 
were estimated from the worst possible s tra ig h t lines that could reasonably
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be f i t t e d  to the experimental points o f the Fermi p lo ts .
The beta-ray spectra were analyzed by the usual Fermi p lo t procedure 
which involves the successive peeling o f each beta -ray  group from the to ta l  
d is tr ib u t io n ,  beginning with the highest energy beta ray and working down.
A least squares f i t  was made on the Fermi p lo t of each beta ray to determine 
the end point energy. Computer programs o r ig in a l ly  designed for use on the
■aQ
IBM 1620 computer by Parjter et, a.1. were modified for the IBM 7040 computer 
to do the computational work of the Fermi p lo t and peeling analysis .
TABLE V 
Observed Beta-Ray Spectra






In t .  ( ° / 0 )
Log f t -  
va lue
Energy Relat ive 
In t .  ( ° / 0 )
Energy Relative  
in keV In t .  ( ° / 0
1 430*20 4 6 .9 370*40 4 420 12
2 670*20 11 7 .1 660*30 11
3 950±30 9 7 .7 950*30 8 830 12
4 1130±30 11 7.9 1100*30 17 1100 26
5 1270*20 18 7.9 1270*30 33
6 1380*40 26 7.9 1440*40 12 1390 *♦5
7 1740*40 13 8 .6 1720*30 10 1710 10
8 2220*50 8 9 .2 2220*30 5 2220 7
qOR. A. Parker, C. L. Peacock, J r . ,  M. Goodrich, A Report on the 
Computer A c t !v i t ie s  of the Beta- and Gamma-Rav Spcctroacopy Group a t  
Louisiana State U n iv e rs ity . P r iv a te ly  c irc u la te d  report. (Baton Rouge: 
Department o f Physics and Astronomy, Louisiana State U nivers ity , 1963).
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The Fermi plots of the peeled beta-ray groups are shown in Figures 
3-13 and 3-14. Figure 3“ 13 shows the Fermi p lot of the to ta l  beta-ray  
spectrum and Figure 3" 14 's a Fermi p lo t of the beta-ray spectrum in coin­
cidence with the 923 keV gamma ray. No correction was made to th is  spectrum 
for the contribution to the beta-ray coincidences due to the 1597 keV Compton 
component in the 923 keV range. The coincidence spectrum was taken to 
enhance the re la t iv e  in ten s ity  of the low energy beta-ray groups in order 
to check the v a l id i ty  of the results of the to ta l  spectrum. in addit ion ,  
by comparing the re la t iv e  in ten s ity  of the two spectra, the coincidence 
spectrum reveals that the 923 keV gamma ray is in coincidence with the 1275 
keV beta ray.
140None of the in ternal conversion e lectron lines of Ce were observable
in e ith e r  of the two spectra studied. Since the largest in terna l conversion
140co e ff ic ie n t  of the gamma rays of Ce above 300 keV is about 0.005 and, 
considering a resolution of about 20° / o or greater and the e ffec ts  of beta 
ray plus conversion electron summing, i t  would be surprising i f  the electron  
lines had been noticeable. Nonetheless, i t  must be expected that the 
presence of the e lectron lines should produce some local d is to rtions to the 
to ta l  spectrum (although none were observed even in the peeled spectrum) 
and therefore s l ig h t ly  prejudice the resu lts .
The summing e f fe c t  due to the simultaneous occurrence of two or more 
p a rtic le s  in the beta-ray detector was discussed in Chapter I I .  I t  was 
there assumed that this e f fe c t  would be most damaging to the deta iled  
structure of the Fermi p lo t near the end point of the highest energy beta 
ray but that the gross structure would be nonetheless analy2able. Further­
more, i t  was expected that th is e f fe c t  would be somewhat reduced in the 
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Fig. 3-14- Fermi p lo t  of be ta - ray  spectra in coincidence wi th 923 keV gamma ray.
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results of the data. An inspection of the Fermi p lo t near the end point 
of the 2200 keV beta ray shows a contribution to  the spectrum which can 
only be interpreted as due to summing fo r the beta-ray spectra beyond 
2200 keV has been studied closely  by Dzhelepov e t  a l . ^  and they found 
nothing above 2200 keV other than a beta-ray tra n s it io n  to  the ground state  
of 3800 keV in energy and 0 .0 0 0 8 ° /o in ten s ity , which would be to ta l ly  
unobservable in this experiment. Because of th is ,  and because the end 
point energy of 2200 keV for the highest energy beta ray is w ell established  
by previous investigations, the s tra ig h t l ine  f i t  on the Fermi p lo t of th is  
beta-ray group was forced to  best s a t is fy  an end point o f 2200 keV as was 
consistent with the data. This was done by selecting for the least squares 
f i t  the widest energy range o f  experimental points from the next lower energy 
beta-ray end point on up towards the end point of 2200 keV that s a t is fy  (1) 
the closest approach to an end point of 2200 keV and (2 ) shorter ranges of 
points did not result in an appreciable s h i f t  in the end point energy.
This procedure was used only on the 2220 keV beta ray. The other beta-ray  
groups were analyzed in the usual way with the only choices being the 
selection of the breaking point of the next lower-energy beta ray and an 
occasional e lim ination  of widely scattered points near the end point energy 
due to poor s ta t is t ic s .
I t  should be pointed out that the summing e f fe c t ,  as expected, was 
noticeably reduced in the beta-gamma coincidence spectrum of Figure 3-14.
In th is  case the end point of the 2200 keV beta ray is much more properly  
defined by the data and the agreement between the two spectra tends to 
support the rather a rb it ra ry  treatment of the analysis of the 2220 keV beta ray.
^Dzhelepov, Izvest. Akad. Nauk. 24. 288 (19&0).
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Because of the poor resolution of the s c in t i l la t io n  beta-ray spectro­
meter and also because of the e ffe c ts  of summing on the deta iled  structure  
of the beta-ray d is tr ib u t io n , no attempt was made to determine the shape 
factor of any of the beta-ray groups. However, a ca lcu lation  was made on
•3 0
the 2200 keV beta ray using the shape factor of Langer and Smith*' which 
resulted in no appreciable s h i f t  in the end point energy in e ith e r  the 2200 
keV or the 1720 keV beta ray. Other beta rays with log ft -va lu es  of 8 .6  
to 6 .9  would be expected to have the lin ear  character of a nonunique, f i r s t  
forbidden, s t a t is t ic a l  shape and, hence, require no shape correction.
The results of the two spectra shown in Table V are in reasonable 
agreement with each other and, but for the two new beta-ray groups and the 
950 keV beta ray, in f a i r  agreement with previous investigations. This 
agreement is poorest for 0̂  and 0^ in the two spectra of Table V with these 
two beta rays each d i f fe r in g  by 60 keV in end point energy. However, th is  
disagreement does not exceed the lim its  of e rro r . Moreover, one might 
expect the agreement to be less in 0  ̂ and 0^ than in others for 0  ̂ possesses 
fewer experimental points than any other while 0  ̂ suffers most from errors  
made in the peeling process. F in a lly ,  the agreement of these results with 
the values adopted by the Nuclear Data Group to best f i t  th e ir  decay scheme 
(and l is te d  in the th ird  column of Table V) is quite good. The beta-, 923 
keV gamma-ray coincidence spectra strongly supports the v a l id i t y  of the 
1270 keV beta ray and established f irm ly  the 1270 keV beta-, 923 keV gamma-, 
1597 keV gamma-ray sequence in the decay scheme. 
k. Lifetime Measurements
Lifetime measurements were made on the 2080 keV level by the d irec t
^Langer, Phys. Rev. 119. I 3O8 ( i 960) .
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determination of the decay rate from the time-to-amplitude converter (TAC) 
d is tr ib u t io n  of the beta” , Mi6 keV gamma-ray delayed coincidence and on the 
81$ keV gamma-ray tra n s it io n  by the centroid s h i f t  method. Both of these 
techniques were f u l ly  discussed in Chapter I I .
A mean l i f e  of (4.99±*05) x 10 sec was obtained fo r  the 2080 keV 
level from the delayed coincidence curve shown in Figure 3-16. The corrected 
curve shown in th is  figure  is the resu lt of subtracting l 5 ° /0 of the d i s t r i ­
bution due to prompt beta-, 1597 keV gamma-ray events. The departure from 
a s tra ig h t l ine  in the lower channels is due to instrument e f fe c ts .  The 
resu lt here, which is in agreement with the value of (^ .9?k.03) x 10 sec 
obtained by C urrie , 33 is about 17 times slower than that predicted by the 
single p a r t ic le  model for an E2 tra n s it io n  from k+ to 2+ states.
The m ean-life  of the 815 keV tra n s it io n  from the 2**10 keV level was 
measured by the centroid s h i f t  technique described in Chapter I I .  Since 
th is  level is a lso deexcited by the 329 keV tra n s it io n , th is  measurement
does not constitu te  a measurement of the m ean-life  of the 2^10 keV state .
- IT TAThe m ean-life  of the 1597 keV level is about 10 J secJ and hence the 
d is tr ib u t io n  of the TAC pulses due to coincidence between the 2200 keV 
beta-ray group and the 1597 keV gamma-ray (see Figure k -2 )  can be used 
to mark time zero. The beta-ray detector system was arranged to select 
those TAC pulses due to beta-rays w ith  energies between 1000 keV and 1200 
keV. This range of energies was chosen so that beta-ray trans itions  to 
both the 2520 keV level and the 1597 keV level were included in the selection  
and such that the re la t iv e  in ten s ity  of the two transitions as seen by the
33Currie, Nuclear Phys. T2. 571* (1962). 
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r i g. 3- I 6 . TAC of the 815 keV trans i t i on. 1.1
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single channel analyzer favored beta-ray transitions to the 1597 keV leve l. 
The other p la s t ic  detector channel was set to select TAC pulses due only 
to Compton events of the 1597 keV gamma ray. The Nal detector channel was 
used to control the se lec tive  storage system of the multichannel analyzer.
The single channel analyzer in th is  system was set to gate on the photo­
peak of the 815 keV gamma ray. Hence th is  channel gated the se lective  
storage system only when an 815 keV event was detected and found to be 
in coincidence with the selections of the other two channels. The TAC 
pulses due to coincidence between beta rays and the 1597 keV gamma ray 
which were also in coincidence with the 815 keV gamma ray were stored in 
the upper ha lf of memory. A l l  other TAC pulses selected for storage were 
due p r im arily  to coincidences between beta rays of the 2200 keV beta-ray  
group and the 1597 keV gamma ray and were stored in the lower h a lf  of memory. 
Consequently, the TAC pulse d is tr ib u tio n  stored in the upper h a lf  of memory 
provides a measure of the mean-life of the 815 keV tran s it io n  when compared 
to the prompt d is tr ib u t io n  in the lower h a lf  of memory. I f  the 815 keV 
t ran s it io n  is slower than the 1597 keV tran s it io n  the centroid of the TAC 
pulse d is tr ib u t io n  of the former should be sh ifted  down in channel number 
re la t iv e  to the centroid of the la t te r .  Unfortunately the coincidence 
d is tr ib u t io n  resu lting from beta-, 1597 keV gamma-ray double coincidences 
suffered from a considerable contribution from the much slower 1+85 keV 
tra n s it io n . This was unavoidable since the 815 keV tran s it io n  orig inates  
from a level above the 2080 keV level of the *+85 keV gamma-ray tran s it io n .  
Consequently the resu lt was opposite from that expected {see Figure 3*15) 
and the s h i f t  of the centroid of the 815 keV d is tr ib u tio n  was up in channel 
number by about 0 .4  channels. However, because the beta-, 1597 keV gamma- 
ray d is tr ib u t io n  consists predominately of prompt events i t  was expected
60
that minimum s h i f t  of one channel would be detectable. Since the s e n s it iv ity  
was If. 7 x 10 ^  sec per channel i t  can then be estimated that mean l i f e  of
the 815 keV tran s it io n  is s5 x 10 ^  sec.
CHAPTER IV
SUMMARY OF RESULTS AND THE DECAY SCHEME
There are four items of information necessary to determine the decay 
scheme of a radioactive nucleus in complete d e ta i l .  These are: (1) energy
of the tran s it io ns , (2 ) re la t iv e  in ten s ity  values, (3 ) coincidence in fo r­
mation, and (4) spin and p a r ity  assignments. Usually in complicated nuclei
the range of such information ava ila b le  to date is  largely  incomplete.
140This is true in the case of La . Because of the presence of many high 
energy, high in ten s ity  gamma rays i t  is presently impossible to determine 
the re la t iv e  in ten s it ie s  and, therefore, the in ternal conversion co e ff ic ie n ts  
and spin and p a r ity  assignments of the many low in tens ity  transitions with  
energies below 300 keV. In most cases the re la t iv e  in ten s ity  of the 
conversion electrons (see Nuclear Data Sheets) of these low energy t ra n s i­
tions have been measured but, again, without knowledge of the spin and 
p a r ity  changes involved there is no way of determining the th eoretica l in te r ­
nal conversion c o e ff ic ie n t  and hence the to ta l in tens ity  of the tran s it io n .
140Therefore, any decay scheme of La w i l l  in part be conjectural u n t i l  i t  
is possible to obtain deta iled  information on the in tensity  of the low 
energy trans it io ns .
A decay scheme consistent with the results of the beta-ray spectra 
and the beta-gamma and gamma-gamma coi nci dence ,-data is shown in Figure 4-2. 
The end point energies of the beta rays shown are the averages of the 
energies of the two spectra l is te d  in Table IV. The re la t iv e  in ten s it ie s  
and log ft -va lues  are, of course, obtained from the to ta l beta-ray spectra 
of Figure 3*13* comparison purposes the decay scheme proposed by the 





4 20  
6 3 0  12% 7.4 
1130 2 6% 7.5 
1380 45  % 7.6 
1710 10% 8.6  
2 20 0  7%  9 .2
















































1597 2350 2890 3380
1900 2520 3100
»« m 3 08 OSS .0018
lo *
CE-140 STABLE
140Fig. 4-2* Decay scheme of La proposed by th is investigator.
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I t  was possible to f i t  to this decay scheme a l l  tran s itions  observed 
in this experiment as well as those reported by others. Though this is by 
no means s u ff ic ie n t  ju s t i f ic a t io n  for the decay scheme i t  does tend to give 
i t  added v a l id i ty .  The 400 and 900 keV tran s itions  shown with question 
marks are those reported by Prikhodtseva et_ a_l., they are l is te d  as ques­
tionable by the Nuclear Data Group as was the 655 keV gamma ray observed 
in th is  study. I t  was unnecessary to locate any measured gamma ray in two 
or more places in the decay schemej that is , none had to be assumed to be 
m ultip le . There are opportunities to do so but th is  was avoided i f  there 
were no more experimental reasons other than the energy differences between 
levels.
The reasons behind the construction of the decay scheme w i l l  now be
discussed in d e ta i l  beginning with the 1597 keV level and working up.
140The to ta l  decay energy from the ground state of La to the ground 
140state of Ce is 38OO keV. Hence, energy considerations alone would indicate
the 2220 keV beta ray and the 1597 keV gamma ray would l ik e ly  be in co inc i-
dence. B o li t in  e t  a_l_. have shown this to be the case and sum spectra of
the 1597 keV level have indicated there to be no levels between the 1597
keV level and the ground state . Hence> the 1597 keV level is the f i r s t
140excited state in Ce and since a l l  higher energy gamma rays have a com­
bined in ten s ity  of less than 4° / 0 e s s e n tia lly  a l l  other gamma rays must 
cascade through the 1597 keV leve l. This is further borne out by the spectra 
in coincidence with the 1597 keV gamma ray of Figure 3-6  which indicates  
that a l l  the observable gamma rays with energy less than 1597 keV are in
^Prikhodtseva, Izvest. Akad. Nauk 22. I 76 (1958)* 
^ B o l i t i n ,  Phys. Rev. 62 (1955)*
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coincidence with the 1597 keV gamma ray. Also, since the lowest energy
beta ray has an energy of about 400 keV a l l  gamma-ray transitions of energy
140greater than 1800 keV must be transitions to the ground state of Ce
140and therefore each of these transitions defines an energy level in Ce 
The delayed coincidence results of Figures 3~3 * nd 3~4 defines the 
2080 keV level as does the 1720 keV beta ray to this level and indicate  
that this level is fed by the 329, 432, 685, and 868 keV gamma rays and 
is deexcited by the 485 keV -  1597 keV gamma-ray cascade. This, along 
with the 1410 keV beta ray and the 2410 keV sum spectra of Figure 3- 8 , 
ju s t i f ie s  the 329 keV -  486 keV gamma-ray cascade from the 2410 keV level 
to the 1597 keV level. This is further supported by the 8 15 keV gamma- 
ray coincidence spectrum of Figure 3"5 which shows the 8 15 keV gamma ray 
in coincidence only with the 1597 keV gamma ray. S im ilar ly , the 923 
keV gamma ray was found to be in coincidence only with the 1597 keV gamma 
ray and, furthermore, this gamma ray was shown by the beta-ray coincidence 
spectra of Figure 3-14 to be in coincidence with the 1270 keV beta ray. 
Therefore, the 923 keV gamma ray must also cross-over the 329 keV - 485 keV - 
gamma ray sequence from the 2520 keV level to the 1597 keV level.
The 1900 keV radiationless transition  (0+ to 0+ ) was not observed in 
this study but i t  has been closely studied by many investigators. Its  
position as shown in the decay scheme is forced by energy, spin and pari ty 
assignments. The choice of the 173 keV gamma-ray transition  to this level 
was made only on the basis of energy consideration.
Above 2520 keV the arrangement of the transitions becomes rather a rb itra ry  
although most of the levels are well defined by the beta-ray spectra and 
the high energy gamma-ray transitions . Few of the transitions between 
these levels can be supported by coincidence data or sum spectra. The
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delayed coincidence spectra amply demonstrate that the 868 keV tran s it io n  
is p rio r to the 2080 keV lev e l.  Yet i t  was not possible to determine, w ith­
out considerable doubt, the coincidence between the 4 per cent 865 keV 
gamma ray and the 923 keV gamma ray, despite the fact that a number of very 
close studies of the 923, 815, and 868 keV coincidence spectra were made. 
These three gamma rays are so close together in energy that coincidence 
spectra of any one is complicated by coincidences due to the others. This
is espec ia lly  true of the 868 keV tran s it io n  which is the least intense of
the three and equid istant in energy from the other two. A number of attempts
were made to correct for the re la t iv e  contributions of the two other gamma
rays to the coincidence spectrum of the one but with no more success than 
to indicate that the 815 keV and 923 keV gamma rays are predominately in 
coincidence only with the 1597 keV gamma ray.
The position of the 432 keV gamma-ray tran s it io n  between the 2520 keV 
and 2080 keV levels is consistent with the energy differences between these
two states as well as the delayed coincidence spectra of Figure 3-4. Simi­
lar remarks can be made for the 752 keV tran s it io n  between the 2350 keV
and 1597 keV levels and, to a lesser degree, about the 655 keV tran s itio n
between the 3 100 keV and 2410 keV level.
Because of the lack of in tens ity  information regarding gamma-ray 
transitions with energies below 300 keV a l l  of these tran s itio ns , except 
for the 110 keV and 109 keV gamma rays, have been placed in the decay scheme 
on the basis of energy differences between experimentally defined levels.
The only level assumed is the 3000 keV state and is therefore indicated by 
a dashed line in the decay scheme. By the same token i t  is impossible to 
s a t is fy  the in ten s ity  balance of levels above 2520 keV. Only those inten­
s i t ie s  of transitions below 1600 keV that have been determined or estimated
6?
from the data are shown on the decay scheme. The in ten s it ies  o f tran s i­
tions with energies greater than 1600 keV are those of Hansen and W ils k y .^  
The beta-ray spectra is remarkably consistent with the gamma-ray 
data of this experiment and the high energy gamma-ray data of Hansen and 
WiIsky. With the exception of the 1120 keV beta ray, a l l  beta-ray end 
point energies jo in ,  w ith in  experimental errors, well defined levels in 
C e ^ ° .  The choice of 2650 keV rather than 2680 keV for the level fed by 
the 1120 keV beta ray was necessary in order to achieve a pattern of gamma- 
ray transitions into and out of this state consistent with the energy of the 
various gamma rays ava ila b le . This level and the 3000 keV level are the 
only a r b i t r a r i l y  chosen levels in the decay scheme.
^7Hansen, Nuclear Phys. ^0, kQj ( 1962). 
^Hansen, Nuclear Phys. 30 , *t05 ( 1962).
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